Abstract: Large active-area superconducting nanowire single-photon detectors (SNSPDs) coupled with multimode fibers (MMFs) can provide high light-gathering capacity, which is essential for free-space detection applications in photon-starved regimes. However, MMFcoupled SNSPDs often suffer from large system dark count rates (DCR sys ) over kHz due to blackbody radiation of the MMF at room temperature. Such large DCR sys would significantly degrade signal-to-noise ratio (SNR) of the receiving system. This paper reports an MMFcoupled large-active-area SNSPD system with low DCR sys by using a homemade cryogenic MMF filter bench. The filter bench, which consists of lenses and optical filters, can provide a high transmittance of about 80% at the central wavelength of the passband (1550 ± 12.5 nm) and a wide blocking range from 500 nm to over 6000 nm at 40 K. With using the filter bench, the DCR sys of an MMF-coupled 9-pixel SNSPD array with an active area of 50 μm in diameter is greatly suppressed by 23 dB with 1 dB loss of system detection efficiency (SDE). The detector demonstrates an SDE of 51% at a DCR sys of 100 Hz for 1550 nm photons. Thus, SNR of the detector is enhanced by about 160 times and the noise equivalent power is improved to 3×10
Introduction
As a high-performance single-photon detection technology [1] , [2] , superconducting nanowire single-photon detectors (SNSPDs) have played a key role in numerous applications, including long-distance quantum key distribution [3] , quantum optics [4] , [5] , and fluorescent observation [6] . Most of these applications use single-mode-fiber (SMF)-coupled SNSPDs, which have a typical active area of 20 μm or less in diameter.
System dark count rate (DCR sys ) is one of the key parameters of SNSPDs for practical applications. Generally, DCR sys consists of intrinsic DCR (iDCR) and extrinsic DCR (eDCR). The iDCR exponentially increases with the bias current (I b ), which is related to the current-assisted motion of the vortex-antivortex pair [7] , [8] . Usually, iDCR is negligible with a slightly low I b . The eDCR is dominant in the low I b region, which is contributed by the room-temperature blackbody radiation photons of the coupling fiber itself and the stray photons that penetrate into the fiber. For the SMFcoupled SNSPD, coiling SMF at low temperature can filter radiation photons over 2 μm, which is a straightforward way to reduce the DCR sys [9] . Narrow bandpass filters (BPF) integrated on SNSPD chip [10] or on the SMF end face [11] were also developed to significantly reduce DCR sys with a minimum insertion loss. Inserting bulky cryogenic optical filters at low temperature is another simple way to reduce the DCR sys . Previously, Shibata et al. [12] introduced an SMF-to-SMF filter bench. In the experiment, a commercial BPF with a bandwidth of 10 nm and a block wavelength range of 400-1800 nm was applied, and DCR sys was suppressed by approximately 29 dB with a 2.4-dB sacrifice in system detection efficiency (SDE <2%).
Free-space applications in the photon-starved regime, such as deep-space laser communication [13] , [14] , light detection and ranging [15] - [17] , demand of either free-space-coupled or multimodefiber (MMF)-coupled single-photon detectors with high SDE and low DCR sys to improve their overall system performance [18] . Compared with SMF, MMF possesses a large numerical aperture (NA) and core diameter that can provide distinct advantages, such as high light-gathering capacity, low coupling loss, and easy alignment in free space to fiber coupling. Commercial infrared semiconductors, i.e., InGaAs avalanche photodiodes (APDs) with large active areas of over 50 μm in diameter, have been widely used. However, they are generally featured with a low SDE of less than 20% at 1550 nm and suffered from after-pulsing and high DCR sys of approximately several kHz [19] - [21] . The reported MMF-coupled SNSPDs operated at an infrared wavelength 1550 nm also demonstrate a large DCR sys over kHz [6] , [22] , which is mainly attributed to the broadband transmission of the blackbody radiation generated by the MMF at room temperature [23] . To date, few studies have been conducted to reduce the DCR sys of MMF-coupled SNSPDs.
In this study, we designed a versatile packaged MMF-to-MMF filter bench to reduce the DCR sys of MMF-coupled infrared SNSPD and improve its signal-to-noise ratio (SNR), which is often proportional to the ratio of SDE/DCR sys [18] , [3] . Through commercial and customized optical filters, the filter bench provides a high transmittance of approximately 80% at the central wavelength of the passband (1550 ± 12.5 nm) and a wide blocking range from 500 nm to over 6000 nm at 40 K. The DCR sys of the MMF coupled 50-μm 9-pixel SNSPD array is reduced by approximately 23 dB (from 20 kHz to 100 Hz) using the filter bench, together with only 1 dB loss in SDE (from 64% to 51%). Thus, the SNR of the detector is improved by about 160 times and noise equivalent power (NEP) of the detector is improved from 3. 
SNSPD Design and Characterization
A double-cavity structure 24, 25 was adopted to enhance the optical absorptance of nanowires, as shown in Fig. 1(a) . A double-side thermally oxidized Si wafer was used as the substrate. The thickness of the oxide layer (SiO 2 ) is 268 nm (a quarter of 1550 nm) to enhance the transmittance of the photons. The NbN nanowire is embedded between two dielectric materials (SiO and SiO 2 ), and a 100-nm-thick gold mirror was stacked on top. The SDE of SNSPD is usually polarizationdependent, however, the polarization in MMF is difficult to control. To maximize the absorptance of the un-polarized 1550-nm photons, the thickness of the SiO layers was chose to be 160 nm, according to the simulation through COMSOL's Multiphysics software, In the simulation, a 6.5-nm thick and 80-nm wide NbN nanowire with 160-nm pitch was used. The simulated absorptance for this optimal case (160 nm SiO) is shown in Fig. 1(b) . The absorptance for parallel (A // ) and perpendicular (A ¥ ) polarized photons are 89% and 84%, respectively. Averaged absorptance at 1550 nm defined as A av = (A // + A ¥ )/2 is over 85%. The active area of the SNSPD was designed to be 50 μm in diameter. To reduce the kinetic inductance (L k ) contributed by the long nanowire 26, the active area of the detector was divided into nine pixels. In addition, each pixel consisted of serially connected two superconducting nanowire avalanche photodetectors (SC-2SNAP) 27. Then, the devices were fabricated using a standard fabrication process 28. Fig. 1(c) shows a scanning electron microscopy (SEM) image of the 50-μm circular active area and 9 pixels. Fig. 1(d) presents a magnified SEM image of the area marked by the red dashed circle in Fig. 1(c) , exhibiting the SC-2SNAP structure. The inset of Fig. 1(d) shows a zoom-in SEM photo of a 81 nm wide nanowire.
A lens MMF with a core diameter of 50 μm was aligned to the SNSPD to guide the 1550-nm photons, and the minimal focused beam size is approximately 30 μm in diameter 29, which is small enough to effectively coupling to the active area of the detector. The device was packaged and cooled in a 2.2-K Gifford-McMahon cryocooler. A tunable continuous wave 1550-nm laser (Keysight, 81940A) was used as light source. The input light was strongly attenuated to singlephoton level (1 × 10 6 photons per second) by two cascaded attenuators. In the experiment, the SNSPD array was biased and read out by nine homemade electrical modules, the amplified output signals were fed to a multichannel counter. SDE and DCR sys were both obtained from the output of the counter. DCR sys was measured when the input 50-μm MMF was connected to the attenuator and the signal photons were blocked by shutter. iDCR was obtained when the device chip was placed in a 2.2-K shielded package block without a coupling fiber. SDE of the 9-pixel SNSPD array measured at different I b is shown in Fig. 1(e) . SDE is 71% at DCR sys of 30 kHz. The iDCR data are indicated in Fig. 1(e) by black stars. DCR sys is much higher than iDCR at low I b region, e.g., the eDCR plays a major role when I b < 20.5 μA (0.9I sw , I sw is the switching current). The large DCR sys of the MMF-coupled SNSPD impairs its advantage over InGaAs avalanche photodiodes.
Suppressing DCR Using Cold Optical Filters
Owing to its large core diameter and wide transmission wavelength range, MMF placed at 300 K radiates a considerable amount of infrared photons ranging from approximately 2 μm to more than 10 μm [23] . These broadband thermal photons would propagate to the SNSPD through the fiber and trigger the detector with a certain probability. Unlike SMF, coiling fiber to filter the background photons is challenging for MMF due to the existence of multiple propagation modes. A reliable cryogenic optical filter with narrow passband, wide blocking range, and low insertion loss is versatile to effectively reduce the DCR sys of the MMF-coupled SNSPD while maintaining a high SDE.
Unfortunately, manufacturing a single BPF that offers a wide blocking range from hundreds of nanometers to several microns and a narrow passband at 1550 nm is difficult. Inspired by Shibata et al. [12] , we designed an MMF-to-MMF filter bench that consists of lenses and detachable optical filters. This bench allows us to use multiple optical filters to reduce the fabrication complexity of filters. Owing to the large NA and the large core diameter of MMF, the insertion loss of the bench without filters was about 0.45 (0.41) dB for 1550-nm wavelength measured at 40 K (room temperature), which is contributed by the interface loss of the collimated and focused lenses inside the bench and the misalignment of the parts. Figure 2 (a) shows a schematic design of the filter bench. The signal photons and roomtemperature blackbody radiation photons propagate through the MMF then enter the free space inside the filter bench. After being filtered by the optical filters, the photons are coupled to the MMF on the opposite side of the bench via lenses and then propagate to the detector. The bench is made of invar steel, which has a small thermal expansion coefficient, thereby reducing the mechanical deformation at low temperature. Fig. 2(b) shows a photo of our cryogenic system setup. The filter bench is attached to the 40-K stage, indicated by a dashed rectangle.
In this study, a commercial 1550-nm BPF (F1, #87822, Edmund) and a customized low-pass filter (F2) were used. The transmission spectra of F1 and F2 at room temperature are indicated in Fig. 3(a) by red and blue curves, respectively. The transmittance of F1 is 96% at 1550 nm and the bandwidth is 25 nm. The measured blocking range is from 500 to 2000 nm. The transmittance of F2, which was made of Borofloat 33 glass with 5 mm thickness, was approximately 95% at 1550 nm, and its blocking range is from 1600 nm to over 6000 nm. F1 and F2 were both mounted inside the bench. The total transmittance at 1550 nm of the bench with F1 + F2 at room temperature and at 40 K were measured to be 81.6% and 80%, respectively, as shown in Fig. 3(b) . The small variation of the transmittance at the two different temperatures indicates a reliable optical coupling at the low temperature. A slight blue shift (approximately 2 nm) in the transmittance as a function of the wavelength can be explained by the weak temperature dependence of the refractive index of the dielectric materials of the filters. Figure 3(c) shows the DCR of the SNSPD as a function of I b measured at different filter conditions: without filter (red squares), with F1 (green dots), with F1 + F2 (blue triangles), and iDCR (black stars). We found that at I b = 0.9I sw , DCR sys with F1 is about 4 kHz, which has a suppression of 7 dB compared with the DCR sys without filter (20 kHz). When F1 + F2 is used, DCR sys is reduced to about 100 Hz, which has an impressive improvement of 23 dB.
Low suppression of SDE is also very important for the filter bench to obtain high SNR. Fig. 3(d) shows the wavelength dependence of the SDE with and without F1 + F2 at I b = 0.9I sw . The SDE without F1 + F2 decreases slightly with the increase of the wavelength due to unsaturated internal efficiency of the nanowire. The shape of SDE as a function of the wavelength with F1 + F2 indicated an evident BPF feature, with an averaged SDE of approximately 50% at the passband. As a result, the SDE with F1 + F2 at 1550 nm wavelength is suppressed by only 1 dB (from 64% to 51%), which is consistent with the measured transmittance. Therefore, we obtained a 50-μm MMF-coupled 9-pixel SNSPD array with SDE of 51% when the DCR sys is 100 Hz, at which the SNR of our detector was improved about 160 times compared with the value without a filter bench. When F1 was replaced with a 10-nm bandwidth BPF (F3, #86088, Edmund), the DCR sys was further reduced to 70 Hz at a bias of 0.9I sw , while the measured SDE is about 48.5% due to the lower transmittance of F3 at 1550 nm (approximately 85%).
Another common metric known as NEP = hν 2D CR sys /SDE 30 was used to quantitatively evaluate the performance of the detector, where hν is the photon energy. As shown in Fig. 4 , the calculated NEP without a filter bench was approximately 3.9 × 10 −18 W/Hz 1/2 at 0.9I sw , which was improved to 3.0 × 10 −19 W/Hz 1/2 when both F1 and F2 were adopted. Finally, the count rate (CR) and the timing jitter (T j ) of the detector were also characterized. The CR of the detector reaches 25 MHz with SDE of approximately 30%, owing to the 9-pixel and SC-2SNAP design. T j was measured using a time-correlated single-photon counting module with resolution of 813 fs (SPC-150 board card, Becker & Hickl GmbH) 31. The photon source was a 1550-nm pulsed laser (FPL-01CAF, Calmar) with a pulse width of 100 fs, and the input photons were strongly attenuated to the single-photon level. The T j of a single pixel, which is defined as the full width at half maximum of the Gaussian distribution, was approximately 60 ps at a bias of 0.9I sw . The total T j of this detector was approximately 150 ps and was measured by combining the nine channel signals through a power combiner 28.
Discussion
Compared with the SMF bench, the MMF bench is more valuable because it has a lower insertion loss due to the large core diameter and the large NA. The SNR or NEP of our detector is much improved, in detail, the current SNR is about 50 times higher than semiconductor APDs [17] . In future, several modifications can still be implemented to further improve the performance of the MMF-coupled SNSPD. Frist of all, there is still some room to reduce the active area of SNSPD, since the focused beam size of the lens MMF has a diameter of only 30 μm. A smaller active area of SNSPD will give both a higher maximum CR and probably a higher SDE. Secondly, an optimized filter set with a narrower bandwidth with a higher transmittance and a wider blocking range with a lower transmittance can further enhance the SNR.
Conclusion
To reduce the DCR sys of the MMF-coupled SNSPD, we designed and characterized a cryogenic MMF-to-MMF filter bench. The filter bench demonstrated a wide block range from 500 nm to 6000 nm and narrow passband at 1550 ± 12.5 nm. By using the filter bench, DCR sys was greatly suppressed by 23 dB with only 1 dB loss of SDE. SNR of the detector is improved by about 160 times and the NEP of the detector is improved from 3.9 × 10 −18 W/Hz 1/2 to 3 × 10 −19 W/Hz 1/2 . The MMF-coupled 9-pixel SNSPD array with an active area of 50 μm in diameter showed an SDE of 51% at the DCR sys of 100 Hz. The CR of the detector reaches 25 MHz with SDE of approximately 30%. This filter bench is versatile for MMFs with different core diameters and filters designed for various target wavelengths, which makes it a useful module for improving the SNR performance of the MMF-coupled SNSPDs in various applications.
